Direct visualization, gentle and controlled manipulation, and sensitive quantification of long, delicate biopolymers are key challenges faced by emerging biotechnologies as well as a wide range of biophysical studies. Establishing long-range structural information while analyzing genomic DNA or protein-DNA complexes can be limited by polymer breakage within nanofluidic devices during handling. [1] [2] [3] Mapping and sequencing applications 4, 5 provide clear motivation for gently formatting DNA polymers into linear arrays, such that the position along the polymer can be mapped to its position in the genome. Beyond the challenge of robustly linearizing DNA for mapping or sequencing applications, additional challenges are faced in samplepreparation which benefit from direct control over molecular topology, e.g., optimizing DNA conformations to initiate reactions such as self-ligation.
Ligation and other reactions early in the workflow of modern sequencing approaches can suffer from poor efficiency. [6] [7] [8] The ability to manipulate and visualize DNA conformations on the nanoscale, in such a way as to enhance the relative proximity of strand-ends or specific sequences to one another, opens the door to directly controlling and better understanding polymer chemistries in a wide range of contexts.
Inefficient self-ligation of long, linear DNA into circles is one example of a challenge faced by biotechnical approaches which accept and amplify circular-form DNA. 9, 10 Selfligation is also of interest in biological contexts-for example, formation of circular DNA is required for k-phage DNA to enter the replication phase of its life cycle.
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This letter presents a convex lens-induced confinement (CLiC) nanofluidic platform 12, 13 ( Fig. 1 ) which enables individual molecules to be imaged within embedded nanostructures with single-fluorophore sensitivity and for extended observation times, up to hours long. Nanostructures serve as a massively parallel platform for formatting DNA for analysis at the single-molecule level, eliminating the need for molecular amplification and averaging over ensembles.
The CLiC top-loading approach is purely entropic, eliminating the need to use high pressures or electric fields that can damage DNA and affect DNA-bound proteins.
14 In addition to being inherently gentle, CLiC microscopy is compatible with a broad range of imaging substrates, solution conditions, and surface treatments. The non-absorptive glass walls are smooth on the nanoscale and non-porous to avoid contamination in serial usage.
Here, we have applied our platform to demonstrate a solution to an important problem-the self-ligation of long biopolymers. [9] [10] [11] We load and extend DNA polymers within a suite of ring-shaped nanogrooves fabricated with circumferences on the order of the DNA extension length. We demonstrate controlled self-ligation of k-DNA in these nano-ring arrays within a few minutes of loading. Under the same solution conditions, we observe no events in bulk, consistent with prior literature demonstrating that long polymers (>3 kbp) circularize with very low efficiency. [6] [7] [8] Our proof-of-principle study points the way to confinement-based enhancement of a wide range of ligation and self-ligation reactions, relevant to increasing yield in modern biotechnology platforms as well as enabling mechanistic studies of ligation processes. Details on materials and fabrication can be found in the supplementary material.
Previously published integration of CLiC microscopy with nanogrooves was performed on 0.5-mm-thick fused silica substrates. The device thickness required the use of a water-immersion objective with a relatively long working distance and low numerical aperture (NA), obfuscating single-fluorophore detection.
Here, we have advanced our imaging capabilities by fabricating nanogrooves on 0.17-mm-thick D263 glass substrates whose index of refraction of 1.5230 is well-matched to high-NA oil-immersion objectives. The refractive index of fused silica ($1.46) is not well-matched to these objectives, resulting in spherical aberrations which reduce image quality and resolution. By replacing 0.5-mm-thick fused silica substrates used in prior work 14 with 0.17-mm-thick D263 substrates, we have in turn exchanged a water-immersion objective characterized by NA 1.0 (Nikon CFI Apo 60ÂW NIR) with an oil-immersion objective (Nikon CFI Apo TIRF 100Â Oil) with NA 1.49. Images of k-DNA confined in 50 Â 65 nm 2 cross-section nanogrooves in each case are shown in Fig. 2 (a), demonstrating decreased aberrations and improvement in signal-to-background by a factor of $5 with respect to prior work.
The signal-to-background ratio was measured as the ratio of the intensity of the DNA backbone to the intensity of the autofluorescence background, extracted using our published DNA-fitting procedure. 14 examples of DNA labeled with a single fluorophore: a k-DNA molecule with a single Cy5-labeled oligo covalently attached to one end extended in a linear nanogroove, as well as a mutant pUC19 plasmid labeled with a single Cy5-fluorophore, trapped in an embedded micro-pit (500-nm deep, 2-lm wide).
To further understand the respective contributions to the improved signal-to-background due to autofluorescence and index-matching, we performed comparative measurements between fused silica and D263 glass coverslips of identical thickness (0.17 mm). The immersion oils (Cargille Type FF for fused silica, Nikon NF for D263) were carefully selected for optimal index-matching and low autofluorescence, using an oil immersion objective (Nikon, 1.49 NA, 100Â) and 488-nm excitation. We measured the autofluorescence background of D263 to be 1.46Â higher than that of fused silica in this configuration. However, we observed an increase in the median signal-to-background ratio of 3.5Â for D263, indicating that correcting the index-mismatch is more beneficial than attempting to reduce the background by using fused silica (which introduces aberrations). Further, the median width of the diffraction-limited point-spread functions was 316 nm for fused silica, and 263 nm for D263, indicating that the image resolution is slightly reduced by aberrations with fused silica.
In CLiC microscopy, after a sample is loaded into a flow cell imaging chamber (with 10-30-lm initial height), the roof of the chamber is deformed by the curved surface of a convex lens (called the CLiC lens) actuated by a nanopositioner. This reduces the vertical dimension of the chamber, causing DNA to be entropically driven into the nanogrooves (Fig. 1) . However, the polymers also feel the global confinement potential of the curved chamber roof. Using a linear nanogroove, the confinement gradient experienced by linearized DNA molecules causes them to drift along the nanogrooves to regions of lower confinement, eventually escaping from the field of view (typically 100 Â 100 lm 2 ) and from the nanogrooves themselves after several minutes.
By taking advantage of the top-loading nature of the CLiC technique, we make use of closed circular nanogroove geometries that would not be possible with conventional side-loading approaches. We use concentric circular nanogrooves-over which the CLiC-lens is centered-to eliminate the confinement gradient across trapped molecules ( Fig.  3(d) ). Simply put, molecules do not exhibit biased motion along the nanogrooves. Figure 3 (f) and supplementary material, Movies S1 and S2, compare the molecule drift observed in linear and concentric circular nanogrooves. In linear grooves, the majority of linearized molecules escape the nanogrooves or field of view within tens of seconds to minutes, depending upon their alignment to the gradient field. As molecules escape the nanogrooves and drift to less confined regions, their extension decreases. In the circular nanogrooves, nearly all of the molecules remain within the field of view for the 1-hour observation period, maintaining 85%-90% extension. Figure 3 (g) shows a kymogram of a representative DNA molecule confined in a circular nanogroove over one hour, with the kymogram axis mapped to the curved nanogroove axis. In contrast, Figure 3 (e) shows a kymogram of a DNA molecule in a linear nanogroove with its eventual escape from the groove and loss of extension occurring within a minute. The dramatically reduced drift using circular nanogrooves makes it possible to study reactions requiring long observation times, such as kinetic studies of exonucleases digesting DNA molecules. 15 With this technique, a vast range of molecular processes-such as diffusive searches for target sites by proteins on DNA, or other procession, cleavage, or digestion reactions by enzymes on polymer substrates-can be visualized as a function of applied confinement, suppressing typical influences such as applied flow or potential gradient, and without restrictions on surface or solution chemistries.
Accessing and controlling physical conditions in which specific reactions of polymers become accessible-with much higher likelihoods than in bulk-is an important feature of this technology due to its ability to manipulate polymer conformations on the nanoscale and load them into closed structures. For instance, self-ligation of DNA strands is a typically inefficient but important biochemical reaction. Self-ligation of DNA requires a ligase protein, which catalyzes the formation of phosphodiester bonds, to find one end of the fluctuating polymer. Simultaneously, the ligase must come into contact with the other fluctuating end of the polymer, which eventually leads to formation of a circular polymer. 16, 17 In three-dimensional space, the large number of conformations accessible to the DNA polymer makes it unlikely for the polymer ends to find each other, reducing the efficiency of a self-ligation reaction. To make matters worse, to suppress the formation of multimers, self-ligation should ideally be performed at low DNA concentrations, 18 limiting statistics in data collection. The observed self-ligation efficiency is thus minuscule in bulk solution for long molecules such as k-DNA.
One approach to enhancing self-ligation efficiency is to reduce the number of accessible DNA conformations within the reaction chamber; simultaneously, the accessible conformations must bring the DNA ends in sufficiently close proximity with each other such that they may interact. 19, 20 By loading molecules into ring-shaped nanogrooves and matching the ring circumference to the DNA extension, we trap linearized k-DNA molecules in the presence of the ligase enzyme and demonstrate self-ligation into circular molecules within a time-frame of minutes.
We fabricated several ring circumferences on a single chip to determine the optimal geometry for these experiments, including circumferences of 13, 14, 15, 15.5, 16, 16.5, 17, and 18 lm (Fig. 4(c) ). When the ring circumference is shorter than the extended molecule, the ends of the molecule overlap. When the circumference is larger, the ends do not meet. We found a circumference of 14 lm to be optimal for ligation for the device and solution conditions used. detailed kinetic and efficiency analysis of ligation as a function of solution, confinement, and temperature conditions will be a subject of future work, made possible by this platform. As a function of these variables, we expect there to be a measurable impact on ligation efficiency, presenting new research beyond the scope of this manuscript.
In summary, we have demonstrated gentle, controlled top-loading of DNA polymers into circular nanogrooves, extending observation times from minutes to hours, while establishing observation conditions free of an applied gradient or flow. Further, we have combined a thin-glass nanofluidic slit with ring-shaped nanogroove arrays to enhance selfligation of k-DNA into circular form, events which are rare in bulk. In this work, we establish key advancements in the signal-to-background and observation times achieved using CLiC nanofluidic technology combined with embedded nanostructures, now suitable for a wide range of high-impact applications. The presented technology platform provides solutions to outstanding challenges in the biotechnology, biophysics, materials, chemistry, and nanoscience research sectors for which we anticipate broad impact and interest.
See supplementary material for detailed information on the CLiC device, nanogroove fabrication process, and methods used for comparisons of fused silica and D263 glass.
